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Abstract Residual stress evolution regularity in thermal barrier ceramic coatings
(TBCs) under different cycles of thermal shock loading of 1 100◦C was investi-
gated by the microscopic digital image correlation (DIC) and micro-Raman spec-
troscopy, respectively. The obtained results showed that, as the cycle number of
the thermal shock loading increases, the evolution of the residual stress under-
goes three distinct stages: a sharp increase, a gradual change, and a reduction.
The extension stress near the TBC surface is fast transformed to compressive one
through just one thermal cycle. After different thermal shock cycles with peak
temperature of 1 100◦C, phase transformation in TBC does not happen, whereas
the generation, development, evolution of the thermally grown oxide (TGO) layer
and micro-cracks are the main reasons causing the evolution regularity of the
residual stress.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1402109]
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Thermal barrier coatings (TBCs) composed of NiCoCrAlY bond layers and Y2O3-stabilized
ZrO2 with w(Y2O3) = 8% (8YSZ) ceramic coating have been used in various gas turbine and
diesel engine components, where a heat shield is required.1–3 Generally, TBC layer are deposited
by atmospheric plasma-spraying (APS) under high temperatures and it is inevitable that residual
stress will be generated in the coating during this process. These initial machining residual stresses
may evolve further and be more complicated when the APS-TBC services in the gas turbines
under high temperature condition. The complicated residual stress distributions can result in large
deformations and crack nucleation in coatings and, inevitably, severely inﬂuence the strength and
lead to failure of components. Therefore, the investigation of residual stress and strain in TBCs
is important to improve the coating production process and service life. Many investigations have
shown that the manufacturing process,4,5 phase transformations,6,7 high-temperature oxidation,8,9
and thermal cycling10,11 are typical sources of residual stress and have been extensively measured
through various kinds of useful engineering and numerical simulation methods.
Unfortunately, although the above investigations have identiﬁed the failure modes under
isothermal cyclic tests, however in these tests, there was no temperature gradient relating the
modes to various properties of the TBC layer and underlying bond-coat alloys, and thus there
remains little knowledge of failure mechanisms under cyclic thermal gradient conditions which
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is similar to the real service environment of TBCs in gas turbines. Limarga et al.12 evaluated
the stress distribution in APS-TBCs subjected to cyclic thermal gradient testing using Raman
piezospectroscopy and ﬁnite element computation. However, they were more concerned about
the stress distribution in one cyclic thermal gradient testing, rather than the evolution of strain and
stress as the number of thermal shock cycles increases. In this paper, the residual stress and strain
evolution of the TBC layer under differing numbers of cyclic thermal gradient conditions were
investigated using micro-Raman spectroscopy and a combination of micro-digital image corre-
lation (DIC) with the hole-drilling technique. Moreover, the residual stress evolution regularity
was analyzed and discussed in detail based on thermally grown oxide (TGO) layer and crack
propagation observations.
Specimen preparation The used TBCs specimen consisted of a 50 mm×10 mm×1 mm
GH4037 nickel-based superalloy substrate coated with a 50 μm thick vacuum plasma sprayed
NiCoCrAlY bond coat and a 450 μm thick air plasma sprayed top coat of 8YSZ, as shown in
Fig. 1. The NiCoCrAlY powder was sprayed on the substrate at a temperature of ∼ 2700◦C and
the zirconia was sprayed at ∼ 2500◦C.
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Fig. 1. Typical air plasma-sprayed TBCs specimens. (a) Upper surface of TBC, (b) lateral surface of TBCs,
(c) optical microscope (OM) image of lateral surface.
To simulate cyclic thermal gradient conditions, cyclic thermal gradient experiments were per-
formed using a high temperature butane jet lighter with a temperature range of up to 1 200◦C. The
heating rate was calibrated by a thermograph. It is demonstrated that the TBC layer surface could
be heated up to 1 100◦C within 40 s. Each thermal shock cycle consists of 40 s of heating up to
1 100◦C, then a 2 min holding period followed by a 2 min water-cooling. The specimens were
divided into two groups for two sets of experiments. In the ﬁrst experiment, where residual strain
was measured by the micro-DIC technique, 30 specimens in total (5 specimens of each type) were
tested and sectioned after 0, 1, 5, 30, 60, and 100 thermal shock cycles. In the second experiment,
where residual stress was measured by micro-Raman, 25 specimens in total (5 specimens of each
type) were tested and sectioned after 0, 1, 10, 50, and 100 thermal shock cycles.
Residual strain measurements by micro-DIC The hole-drilling method13 was used to re-
lease the residual stress in the TBC layer of samples through drilling a hole at the geometric center
of the rosette, and the relevant strain would be obtained by measuring and analyzing the resulting
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deformation in the hole-drilling method using a new micro-DIC technique as described in Ref. 14.
In the new micro-DIC technique, the TBC layer surface was sprayed with carbon particles as the
artiﬁcial speckle using the micron speckles production method,14 because an appropriate size
magnitude (approximately 10–20 μm) and even distribution of the microscopic speckles would
be obtained, which is favorable for such a small scale deformation measurement, and would give
an ideal correlation for the after-image analysis in the DIC technique. The microscopic speckle
pattern prepared by carbon particles using the micron speckles production method is shown in
Fig. 2(a), which was obtained by using a VHX-600E super depth ﬁeld microscope (Keyence Co.
Ltd., Osaka, Japan) with 100× magniﬁcation. A practical distribution diagram of the correlation
coefﬁcient before and after the hole-drilling is displayed in Fig. 2(b).
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Fig. 2. A typical microscopic speckle pattern of a drilled TBCs specimen.
The super depth ﬁeld microscope imaging of a small area placed in the middle of the prede-
termined thermal cycles specimens were performed as a reference image before drilling. After
this, a 1 mm diameter hole with a 0.1 mm drilling depth was milled on the TBC layer and a corre-
sponding deformation image was recorded. By increasing the drilling depth, further deformation
images could then be recorded. In this investigation, there were four categories of deformation
corresponding to 0.1, 0.2, 0.3, and 0.4 mm drilling depths, with a total of 30 specimens (six
types, ﬁve specimens for each type) being analyzed. The reference and deformation images were
processed to extract the full-ﬁeld displacement ﬁelds.
Residual stress measurements by micro-Raman spectroscopy Micro-Raman spectroscopy
was applied to measure the residual stress in an air plasma-sprayed 8YSZ TBC layer since the Ra-
man peak shift is directly connected with material stress directly.15,16 First, Raman spectra on a
freestanding TBC layer were recorded as the reference, which was delaminated from the TBCs
specimen, to use for determining the shift of the Raman peak after thermal shock. The mea-
surement was performed using 514.5 nm laser excitation in a confocal type Raman measuring
equipment (RM-1000: InVia-Reﬂex, Renishaw Co. Ltd., London, UK). Afterward, the same
measurement was conducted on the cross-sections cut of TBCs specimens (ﬁve types, ﬁve spec-
imens in each type) after they had been subjected to corresponding thermal shock cycling. The
measuring position on specimens is illustrated in Fig. 3(a), and Fig. 3(b) shows a typical Raman
spectrum obtained from the above spectroscopic conditions.
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Fig. 3. Stress measurement by micro-Raman spectroscopy.
In this case, the TBC layer was assumed as biaxial in-plane stress conditions because of the
thin thickness (450 μm). In addition, the residual stress in the bulk of the TBC layer, far from the
edge surface, would be approximately equi-biaxial. With σx and σy deﬁned as in-plane residual
stress components in the x and y directions, the relationship between the residual stress within the
TBC layer and the Raman shift, Δw, is given by
σx = σy = Δw/(2Πu), (1)
where Πu = 25 cm−1·GPa−1 represents the piezospectroscopic coefﬁcient.17
The strain ﬁelds of each specimen can be obtained by performing DIC-analysis of the refer-
ence and the deformation images obtained from the hole-drilling method. In this investigation, the
initial TBCs specimens which had not undergone cyclic thermal gradient experiments and drilling
process, were found to share a common basic performance, especially with regards to mechanical
properties. Naturally, under the same drilling depth, the evolution rule of residual strain versus
the number of thermal shock cycles can be found through comparing the strain of different types
of specimens. In order to clearly describe the variation regularity, the strain of point (0,1) (as
shown in Fig. 2, in mm) was chosen to reﬂect the variation regularity of residual strain in the TBC
layer due to its randomness. Figure 4 shows the evolution of εx(0,1) versus the number of thermal
shock cycles. It can be seen that, for each drilling depth condition, the εx(0,1) exhibits a similar
three-stage evolution behavior as the number of thermal shock cycles increases as follows: a very
short and rapid increase before 5 thermal cycles, followed by a gradual change stage from 5 to 60
cycles and, thereafter, an obvious reduction.
The characteristic peak around 640 cm−1 is used for the stress-Raman frequency shift mea-
surement of the freestanding 8YSZ specimens in our work since it has a good signal to noise
ratio.18 The relationship between compressive stress and the Raman peak shift of the TBC layer
has been understood through analyzing a freestanding layer and hence the Raman peak frequency
shift, Δw, of the treated TBCs specimen can be obtained. By substituting it into Eq. (1), the
residual stress of treated TBCs specimen can be calculated. Figure 5 represents the variation of
residual stress in the TBC layer determined from the Raman peak shift. Before thermal shock
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Fig. 4. Evolution of residual strain versus the number of
thermal cycles measured by micro-DIC method.
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Fig. 5. Evolution of residual stress versus
the number of thermal cycles obtained by
micro-Raman spectroscopy technique.
cycles, the surface stress of TBC layer was tensile stress and the internal stress was compressive
stress. Along the direction of z axis (as shown in Fig. 3), the stress amplitude increases gradu-
ally. Afterward, as the number of thermal shock cycles increases, for each measuring position
the residual stress follows a common evolution: a sharp increase, a gradual change, and a gradual
reduction. Speciﬁcally, after one thermal shock cycle, the compressive residual stress in the TBC
layer undergoes a sharp increase stage, and then experiences a gradual increase phase. It is impor-
tant to note that the tensile stress is rapidly transformed to compressive stress on the TBC surface.
Beyond 50 thermal shock cycles, there is a general tendency towards a gradual reduction in the
compressive residual stress until 100 thermal shock cycles. This is considered to be in agreement
with the regulation (as shown in Fig. 4).
It can be seen that both of the strain and stress in the TBC layer exhibit a parallel three-
stage evolution behavior. To do a preliminary microscopic mechanism analysis, the observation
of oxide interlayer growth and micro-crack were all conducted on the TBC layer surface of TBCs
specimen using optical microscope (OM) and scanning electron microscopy (SEM).
The partially Y2O3 stabilized ZrO2 is an oxygen-ion conductor at high temperatures19 and
therefore the TGO layer is formed along the interface between the TBC layer and the bond coat.
SEM observation was used to detect the interface area of TBCs specimen before and after 100
thermal shock cycles (as presented in Fig. 6). At the beginning of the thermal cycling experiment,
a very high growth rate of Al2O3 was observed between the TBC and the bond coat.20 The TBC
layer was thus subjected to a pressure coming from the rapid increase of the volume of the TGO
layer, leading to rapidly increasing compressive stress.19 Afterwards, as the aluminum content at
interface declined, the diffusion of ions and oxygen were very low in α-Al2O3 and a very slow
growing protective oxide was formed. Even when the specimens were exposed to more cycles,
the TGO layer was uniform as it acted as a diffusion barrier to suppress the formation of other
detrimental oxides during extended thermal exposure. Therefore, the stress and strain in TBC
layer entered into a gradual increase phase.
After dozens of thermal shock cycles, cracks were initiated and generated inevitably. Such
generated cracks could gradually relieve part of the residual stress in the TBC layer. OM and SEM
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Fig. 6. SEM observation of TGO layer in TBCs specimen.
images of the TBC layer surface (as shown in Fig. 7) were used to observe cracks generation under
different number of thermal shock cycles. Some branched cracks existed in the TBC surface when
the number of cycles was closed to 60, as shown in Fig. 7(a), and an obvious delaminating crack
appeared near the interface when the number of cycles went up to 100, as shown in Figs. 7(b)
and 7(c). This has been recognized as the cause for the residual stress and strain to decline as the
number of thermal shock cycles increases beyond 60 or so.
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Fig. 7. Micro cracks generation of TBC under different thermal shock cycles. (a) surface crack after
exposure to 60 thermal shock cycles (SEM image), (b) delaminating cracks near interface after exposure to
100 thermal shock cycle (OM image), (c) SEM image of delaminating cracks.
The residual stress and strain in TBC under thermal shock cycles loading with a perk tempera-
ture of 1 100◦C were evaluated by microscopic DIC and micro-Raman spectroscopy, respectively.
Residual stress evolution has an obvious and identical regularity no matter how deep is the tested
point in TBC. As the cycles number of the thermal shock loading increases, both of the residual
stress and strain undergo three distinct stages: an instantaneous increase stage at the very begin-
ning of the cycles experiment, followed by a gradual change stage when the thermal cycles go up
to about 5 to 60 cycles, then an obvious reduction stage as the number of cycles exceeds 60 or
so. The residual stress is extension one near the TBC surface, while it fast turns into compressive
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after just one thermal loading cycle. Under repeated thermal shock loading, phase transforma-
tion in TBC does not happen, whereas the generation, development, evolution of the TGO layer
and micro-cracks were the main reasons leading to the evolution regularity of the residual stress.
Microstructural observation of the growth of TGO layer and the development of micro-cracks
revealed some details and explained the evolution regularity. In the instantaneous increase stage,
the high oxidation rate of the bonding layer played a leading role. As the aluminum content near
the interface between the TBC and bonding layer declines as well as the blocking inﬂuence of
the forming TGO layer, the residual stress and strain in TBC layer entered into a gradual increase
stage. Finally, the growth of micro-cracks leads to the reduction of residual stress and strain in
the third evolution stage.
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